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SECTION  I 


INTRODUCTION 

The  objective  of  this  program  was  to  define,  develop,  and  demonstrate 
a generalized  technique  for  obtaining  realistic  GLINT  data  on  aerospace  model 
targets.  This  technique,  while  of  a general  nature,  is  vital  to  the  design 
of  homing  systems,  proximity  fuses,  and  countermeasures  against  such  systems. 

The  problem  of  interest  concerns  an  aerospace  target  being  illuminated 
by  a transmitter  which  may  be  on  a missile  or  on  the  ground.  This  illumination 
signal  produces  a reflected  field  from  the  target.  Interference  effects 
occurring  between  various  reflection  points  on  the  target  produce  a scattering 
pattern  in  space.  In  the  far-field,  these  interference  effects  do  not  vary 
significantly  with  range.  Thus,  the  scattering  pattern  is  not  range  dependent. 
In  the  near-zone,  however,  these  interference  effects  do  vary  with  range. 

It  is  impossible  to  predict  from  far-zone  measurements  what  the  near-zone 
field  will  look  like.  Thus  the  near-zone  problem  is  much  more  complex  than 
the  far-zone  case  because  of  the  nonuniform  and  nonplanar  fields  involved. 

The  near-zone  radar  cross-section  (NZRCS)  depends  on  frequency,  polarization, 
and  target  as  in  the  case  of  the  far-zone  RCS  and  in  addition  depends  on  range 
and  antenna  pattern. 

Several  techniques  are,  in  principle,  available  for  obtaining  the  near- 
zone RCS  of  aerospace  targets.  Four  techniques  that  have  been  considered  by 
Georgia  Tech  include  (1)  direct  measurement,  (2)  theoretical  calculation, 

(3)  subarea  matrix  method,  and  (A)  modal  expansion  technique.  In  the  case 
of  the  direct  measurement  technique,  a full  scale  missile  with  seeker  is 
pulled  along  a rail  past  a full  size  target  and  the  received  signal  versus 
time  is  recorded.  This  technique  has  the  advantage  of  using  the  actual 


missile  and  seeker  with  a full  size  target  and  so  no  question  of  scaling  is 
involved.  However,  the  data  obtained  from  this  technique  is  applicable  only 
to  those  trajectories  flown  in  the  program  and  does  not  provide  Information 
on  other  targets  or  effects  due  to  changing  the  seeker.  Another  approach 
is  to  employ  theoretical  calculations  such  as  the  geometrical  theory  of  dif- 
fraction, physical  optics,  moment  methods,  or  other  similar  computational 
techniques.  Generally,  such  techniques  are  limited  to  targets  of  relatively 
simple  geometric  shape.  Complicated  shapes  and  measured  data  on  them  are 
difficult  or  impossible  to  include.  A third  technique  that  was  considered 
is  the  subarea  matrix  method.  Using  this  technique,  the  RCS  of  small  portions 
of  the  target  would  be  measured  individually  and  would  be  stored  in  a com- 
puter. The  overall  RCS  of  the  target  would  be  obtained  by  combining  the 
Illumination  pattern  and  the  measured  scattering  characteristics  of  the  sub- 
areas. Equipment  problems  such  as  positioner  design  and  focusing  system 
design  severely  limit  the  application  of  this  technique. 

The  fourth  technique,  the  modal  expansion  technique,  was  the  icathod 
finally  selected  for  investigation  by  Georgia  Tech.  This  technique  is  based 
on  proven  methods  for  determining  antenna  patterns  in  the  far-zone  from  mea- 
surements made  in  the  near-zone.  It  can,  in  principle,  be  applied  for  both 
monostatic  and  blstatlc  cross-section  determination  and,  in  addition,  the 
basic  equipment  was  already  available  at  Georgia  Tech  for  performing  these 
measurements.  The  modal  expansion  technique  requires  the  measurement  of  the 
scattered  fields  from  the  target  at  evenly  spaced  points  on  a planar  surface 
near  the  target.  This  measured  near-field  data  is  Fourier  transformed  to 
obtain  the  plane  wave  spectrum  of  the  target.  This  plane  wave  spectrum  can 
be  used  to  predict  the  scattered  electric  and  magnetic  fields  at  any  distance 
from  the  target  between  the  measurement  plane  and  infinity. 


There  are  a number  of  advantages  to  using  the  modal  expansion  technique. 
The  complete  three  dimensional  pattern  of  the  target  Is  obtained  Instead  of 
Just  principal  plane  cuts.  In  addition,  the  cross  polarization  pattern  Is 
also  determined  and  Its  characteristics  are  known  In  principle  for  all  ranges 
from  the  measureaient  plane  to  Infinity.  In  addition,  the  measurements  can 
be  performed  Indoors,  thus  providing  protection  for  the  equipment  and  per- 
sonnel. Weather  problems  are  thus  eliminated,  environmental  testing  Is  pos- 
sible, and  signals  can  be  radiated  at  classified  frequencies  with  greatly 
reduced  probability  of  being  Intercepted. 

This  report  documents  the  present  state  of  development  of  the  modal 
expansion  technique  for  near-zone  radar  cross-section  of  complex  targets  and 
determination  of  their  glint  characteristics.  In  Section  II  a brief  review 
of  plane  wave  spectrum  theory  Is  presented.  In  Section  III  a new  derivation 
of  probe  correction  equations  is  presented  correcting  previously  published 
errors  In  these  equations.  A new  method  for  obtaining  the  probe  character- 
istics Is  presented  In  Section  IV.  This  technique  utilizes  only  a planar 
scanner  and  assumes  no  a priori  Information  about  the  probe.  This  characteri- 
zation technique  represents  a significant  saving  In  measurement  time  and  In- 
stallation costs  since  previous  techniques  have  required  the  use  of  a separate 
spherical  positioning  system  to  measure  probe  radiation  patterns.  Section  V 
presents  near-fleld  glint  measurements  made  on  an  F-IOS  model  aircraft.  Con- 
clusions and  recommendations  based  on  the  results  of  this  program  are  presented 
in  Section  VI. 
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SECTION  II 

PLANE  WAVE  SPECTRUM  REPRESENTATION  OF  FIELDS 

The  electric  field  intensity  in  a linear,  isotropic,  homogeneous  and 
source-free  region  defined  by  z > 0 can  be  expressed  [1}  for  exp(juit)  time 
variations  as 
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i(r)  “ I I A(k^,k^)e"^*'  «lk^‘*K 
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where 


(1) 


r ■ xa  -f  ya  + za  ■ the  observation  point  (2) 

X y z 

k “ka  +ka  +ka  ■ the  propagation  vector  (3) 

xxyyzz  r r o \ / 
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k « /k  -k  -k  «•  the  z component  of  the  propagation  vector  (4) 

z * y 

k ■ -jp  ■ u/iir  ■ the  wavenumber  in  the  medium  z > 0 (5) 


The  plane  wave  spectrum  A can  be  determined  from  (1)  if  the  electric  field 
intenaity  is  known  on  the  z~0  plane.  Then 


Only  two  components  of  E need  to  be  used  in  (6)  since  the  third  component 


The  msgnctic  field  intensity  can  also  be  obtained  from  the  plane  wave  spec- 


trum [1]  and  is  given  by 


(8) 
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Usually  E is  zero  (or  at  least  below  the  system  noise  level)  over  most 
of  the  z~0  plane.  Hence,  the  Fourier  transforms  in  (6)  need  only  be  per- 
formed over  a finite  region  of  x-y  space.  If  the  transform  is  done  discrete- 
ly as  on  a computer,  the  resulting  computation  is  expedited  using  the  Fast 
Fourier  Transform  algorithm.  If  two  components  of  the  true  electric  field 
E(r)  are  known  on  the  z*0  plane,  then  (6)  is  used  to  calculate  two  com- 
ponents of  the  plane  wave  spectrum.  The  third  component  is  obtained  from 
(7  ).  The  electric  and  magnetic  fields  can  then  be  obtained  anywhere  in 
the  region  z>0  by  using  (1)  and  (8),  respectively.  The  preceding  com- 
ments apply  to  both  radiating  antennas  and  to  scattered  fields  from  targets. 

When  E is  nonzero  over  only  a finite  region  of  space,  the  near-field  is 

typically  sampled  on  a rectangular  grid  in  the  x-y  plane  at  points  per 

row  spaced  Ax  apart  in  the  x-directlon  and  on  rows  spaced  Ay  apart  in  the 

y-direction.  Fast  Fourier  Transforming  this  sampled  data  produces  a sampled 

spectrum  on  a rectangular  grid  of  points  in  the  k -k  plane  of  k-space.  This 

X y 

grid  has  points  per  row  spaced  Ak^  apart  in  the  k^-dlrectlon  and  points 
spaced  Ak^  apart  in  the  k^-dlrectlon  where 


Ak 
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The  spectrum  function  is  periodic  due  to  the  sampling  process  with  a period 


corrupted  by  the  pattern  characteristics  of  the  measurement  probe.  The  probe 


characteristics  must  be  removed  from  the  measured  data  in  order  to  obtain  the 


true  electric  field  of  the  antenna  or  target  under  test.  A new  derivation 


of  the  equations  for  removing  the  probe  effects  is  presented  in  the  next 


I 
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SECTION  III 

CORRECTION  FOR  PROBE  EFFECTS 


The  near>field  data  measured  by  the  probe  Is  a filtered  version  of  the 
true  near- field  data,  because  the  probe  does  not  pick  up  energy  from  all 
directions  uniformly.  The  filtering  process  of  the  probe  must  be  removed 
from  the  measured  data  to  obtain  the  true  near-fleld  data.  This  Inverse 
filtering  process  Is  called  "probe  correction"  In  uear-fleld  studies. 

The  object  (antenna  or  scatterer)  producing  the  electric  field  of  Inter- 
est is  assumed  to  lie  In  the  region  z<0.  A probe  Is  placed  at  position 


X a + y a + 
p X ^p  y 
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where  z^  ^0  (see  Figure  1).  The  voltage  measured  by  the  probe  at  this  loca- 
tion will  be  calculated  next  In  terms  of  the  plane  wave  spectra  of  the  object 
and  the  probe.  A new  derivation  of  the  probe  correction  equations  for  near- 
field data  will  be  presented  since  a review  of  previously  published  [2,3} 
probe  correction  equations  revealed  errors  In  them. 

The  electric  field  Intensity  produced  by  the  object  under  test  can 
from  (1)  be  expressed  in  the  region  z>0  as 
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while  the  magnetic  field  Intensity  In  the  same  region  can  be  obtained 
from  (7)  and  (8).  The  x and  y components  of  this  magnetic  field  are 
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Consider  the  probe  first  located  In  the  region  z<0.  The  x and  y cou' 


ponents  of  the  fields  produced  by  the  probe  (when  It  Is  transmitting)  at  an 
arbitrary  point  r*  In  the  region  z>0  can  be  represented  by  analogy  with  (12) 


through  (14)  as 


The  primed  coordinate  system  used  above  to  specify  the  components  of  the  probe 
fields  Initially  coincides  with  the  unprlmed  system.  This  probe  Is  then  trans- 


lated without  rotation  by  the  vector  P and  then  rotated  180*  In  the  x-z  plane 


as  shown  In  Figure  1 


It  Is  next  necessary  to  have  the  probe  fields  expressed  In  terns  of  un«- 
primed  coordinates  In  calculating  the  voltage  Induced  in  the  probe  at  Its  new 
location.  To  do  this  first  of  all  notice  that  the  unit  vectors  along  the  coor- 


dinate axes 


observation  point  In  space  r'  r-P,  hence 


A 


y*  ■ y - 


z*  ■ -z  + z 


Thu^  in  terms  of  the  unprimed  coordinate  system,  the  x and  y components  of 
the  fields  produced  by  the  probe  from  its  translated  and  rotated  location  are 
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where 


C “ -j(-k  x+kx  +kv-ky  -kz+kz) 
•^  x xp  jr  y-'p  z zp 


Let  the  surface  S,  be  the  z*0  plane  and  let  S be  a hemisphere  of  infl- 
1 «> 


nlte  radius,  centered  at  r-0  and  existing  in  the  region  z^O.  Assume  that  all 
fields  scattered  back  and  forth  between  the  probe  and  the  object  under  test 
are  negligible.  Let  V be  the  volume  bounded  by  and  in  the  region  z>0. 
Then  by  the  reciprocity  theorem  (4] 
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where  J and  J are  the  source  currents  producing  the  E , H and  the  E , H 
a p ^ a’  a P P 

fields,  respectively,  and  n Is  a unit  vector  normal  to  the  surface  and  pointing 
out  of  V. 

In  the  region  V,  J ••0  while  over  S the  Integrand  on  the  left  side  of  the 

last  equation  is  Identically  zero  [A],  The  volume  Integral  of  E *J  is  simply 

a p 

-V  I [5]  where  I Is  the  probe  source  current  that  produces  E and  H . V 
pa  p ‘ p ^ p p pa 

Is  the  voltage  produced  by  the  object  under  test  In  the  probe  when 
Internal  impedance  of  the  probe  source-current  generator  should  still  be  con- 
nected to  the  probe  when  V is  measured.  From  the  preceding  observations, 

pa 

it  can  be  seen  that  (19)  can  be  rewritten  as 
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These  last  four  Integrals  can  be  evaluated  in  terms  of  the  previous  represen- 
tations of  the  fields.  Using  (12)  and  (18)  I can  be  written  as 
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Primes  have  been  used  on  the  probe  integration  variables  to  distinguish  them 
from  those  of  the  object-under-test  variables.  Interchange  the  order  of  inte- 
gration in  (21)  and  perform  the  x,y  Integration  first.  Note  that  [6] 
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where  6 is  the  Dirac  delta  function.  Integrating  (21)  with  respect  to  x 
and  y and  then  k^  and  k'  yields  and  k^ -k^  so  that 
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Equation  (22)  gives  the  voltage  V produced  In  the  p''  by  the  object 


under  test  when  the  probe  Is  at  position  P.  Usually  A a.  _ A are  to  be 


found  from  the  measured  probe  voltage  and  the  knotm  probe  spectrum.  Equation 
( 22  ) gives  only  one  equation  in  terms  of  these  two  unknowns.  Hence,  a second 


independent  measurement  must  be  made  either  with  the  same  probe  or  with  a dif 


ferent  probe.  The  same  probe  In  a different  orientation  will  be  used  in  this 


derivation  to  obtain  the  second  equation 


Consider  a second  orientation  of  the  same  probe  produced  by  rotating  the 


probe  90*  clockwise  about  the  z*  axis  so  that  the  new  -He*  axis  now  points  in 


the  same  direction  as  the  old  -fy*  axis  (see  Figure  1).  Call  this  new  coordinate 


system  the  double  prlrae  system.  The  unit  vectors  along  the  coordinate  axes 


are  now  related  by  a 


point  In  space  r”  “ r-P  and  so 


Thus,  the  fields  produced  by  the  probe  from  Its  second  orientation  In  terms 
of  the  unprlmed  coordinate  system  are 
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where 


Reciprocity  is  again  used  and  (19)  simplifies  Co  (20)  in  Che  form 
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Vp2g  is  the  voltage  Induced  In  the  probe  in  its  second  orientation  by  the 
object  under  test.  Substituting  the  "a"  and  the  ”p2"  fields  into  the  first 
integral  yields 


in  the  last  equation  and  first  Integrating  with  respect  to  x and  y and  then 
with  respect  to  and  k^  yields  and  hy-^-k^^  so  that 


Next  define  the  Fourier  traneforas  of  the  Measured  probe  voltages  as 


follows 


Also,  note  that  [6] 


Now  perfona  the  double  Fourier  transform  of 


with 


Using  Equation  (25)  and  the  equations  following  It 


one  can  obtain 


The  last  two  equations  can  be  rewritten  In  the  following  for« 


which  can  be  solved  for  the  true  spectrum  of  the  object  under  test  giving 


I " probe  source  current 


r 


Equations  (29)  and  (30)  are  the  final  equations  that  were  desired.  They 


show  hov  to  reaove  the  effects  of  the  probe  fron  Che  aeasured  data  to  obtain 
Che  true  spectnai  of  the  object  under  test.  Equations  (27)  and  (28)  show 

how  CO  compute  the  neasured  spectrua  froa  the  probe  spectrum  and  Che  true 

i 

j epectrua  of  the  object  under  test.  A is  the  aeasured  spectrua  when  the 

I aa 

probe  is  in  the  orientation  for  «diich  its  spec  rua  is  specified.  A . is  Che 

no 

measured  spectrua  obtained  when  Che  probe  is  rotated  90*  clockwise  as  seen 

i 

! looking  fron  behind  the  probe  coward  Che  objecc  under  CesC. 


SECTION  IV 


A CHARACTERIZATION  TECHNIQUE  FOR  NEAR-HELD  PROBES 


A new  technique  has  been  developed  for  characterizing  near-fleld  measure- 
ment probes.  The  technique  Involves  measurements  made  only  with  a planar 
scanner  and  assumes  that  two  Identical  probes  are  available.  One  of  the  two 
Identical  probes  Is  used  to  measure  the  other  and  from  this  data  the  plane 
wave  spectrum  of  the  probe  Is  obtained.  An  Initial  guess  of  the  plane  wave 
spectrum  of  the  probe  Is  used  as  a starting  point  and  an  automated.  Iterative 
procedure  modifies  the  guessed  solution  so  that  It  matches  the  measured  data 
via  a system  of  equations.  The  current  probe  characterization  technique  [2] 
requires  a separate  spherical  positioning  system  for  measuring  the  probe. 

Using  It,  the  spherical  components  of  fields  are  measured,  recorded,  and 
converted  to  k-space  data.  This  data  Is  then  Interpolated  and  transformed 
to  obtain  evenly  spaced  k-space  data  as  Is  required  for  subsequent  usage. 

The  new  technique  appears  to  offer  advantages  over  the  old  technique  In  over- 
all system  cost. 

A.  Description  of  Technique 


Consider  a particular  point  (k  ,k  ) In  k-space  at  which  the  spectrum 

X y 

of  the  probe  Is  to  be  determined.  Let  this  point  be  labeled  Point  1 

as  shown  in  Figure  2.  It  Is  assumed  that  two  electrically  Identical  probes 

are  available  and  that  one  has  been  used  to  measure  the  other  using  a planar 

scanner  with  a separation  of  z^  between  the  two  probes.  Since  the  probe  and 

antenna  are  Identical,  A ■ A and  A ••  A . The  basic  approach  of  the 

px  ax  py  ay 

characterization  technique  la  to  guess  the  values  of  two  components,  A and 

P* 

A A 

A^y,  of  the  probe  spectrum  and  use  these  values  to  calculate  the  spectra  A^ 
and  A_^  that  would  be  measured  using  such  a probe.  The  estimated  probe 


spectrum  components  A and  A are  then  systematically  adjusted  so  that  the 

px  py 

estimated  measured  spectra  A^^  and  A^j^  are  forced  to  be  equal  to  the  actual 
measured  spectra  A^^  and  respectively. 

Calculating  the  spectrum  of  the  measured  field  at  one  point  in  k-space 
generally  requires  a knowledge  of  the  probe  spectrum  at  seven  other  points 


in  k-space.  For  example,  from  the  probe  characterization  equations  (27), 

(28),  and  (31),  it  can  be  seen  that  the  measured  spectra  A^  and  A^j^  at 

Point  1 of  Figure  2 is  a function  of  the  probe  spectrum  at  Points  1,  5,  and 

6 in  Figure  2.  Thus,  the  probe  spectrum  at  Points  1,  5,  and  6 must  be  guessed 

in  order  to  calculate  A and  A . at  Point  1.  Hence,  six  unknown  quantities 

are  to  be  determined  from  only  two  equations.  To  obtain  more  equations, 

A and  A , can  be  evaluated  at  Points  5 and  6.  However,  this  requires  that 
ma  mb 

Ap^  and  A^^  be  known  at  Points  1,  2,  4,  5,  and  6.  By  proceeding  in  this 

fashion  one  discovers  that  evaluation  of  A and  A . at  Points  1-8  in  Figure 

ma  mb 

2 requires  that  A and  A only  be  known  at  Points  1-8.  Thus,  16  probe  values 
^ px  py  ^ 

(8  Ap^  and  8 A^^  values)  are  guessed  and  substituted  into  Equations  (27) 

and  (28)  to  produce  8 A and  8 A , values.  These  estimated  measured  values 

ma  mb 

are  subtracted  from  the  actual  measured  values,  i.e.  A - A and  A . - A . , 

ma  ma  mb  mb 

producing  16  complex  valued  equations  in  16  complex  valued  unknowns.  The 
solution  technique  tries  to  make  these  16  equations  zero  simultaneously. 

After  solving  for  the  probe  values  at  these  8 points,  another  point 
(k^,k^)  is  selected.  The  probe  values  at  this  point  and  at  the  seven  addi- 
tional points  associated  with  it  as  shown  in  Figure  2 are  then  determined 
as  in  the  preceding  discussion.  All  k-space  will  be  evaluated  if  each  point 
in  one  45*  sector,  for  example  the  first  45*  of  the  first  quadrant,  of  k-space 
is  stepped  through  as  «rais  Point  1 in  the  preceding  discussion.  Only  8 equa- 
tions in  8 unknowns  are  requlrc<d  along  the  line  and  the  line  since 


Points  5-8  are  identical  to  Points  1-4.  At  the  Point  k “k  "0  only  tvro  equa- 

^ y 

tions  and  2 unknowns  are  needed. 

Several  techniques  were  tested  for  solving  Che  systea  of  equations 
described  above.  The  aost  satisfactory  method  was  a modified  Levenberg- 
HarquardC  technique  [7,8]. 

B.  Discussion  of  Results 

The  new  probe  characterization  technique  has  been  applied  to  two  X-band 
horns  designated  PX-5  and  PX-6,  which  are  shown  in  Figure  3.  Horn  PX-5  is 
an  E-plane  sectoral  horn  with  an  E-plane  aperture  of  1.0  inches  and  an  H- 
plane  aperture  of  0.9  inches.  Horn  PX-6  is  an  E-plane  sectoral  horn  with 
corrugations  on  the  inside  E-plane  walls.  The  aperture  of  this  horn  is  1.38 
Inches  in  the  E-plane  and  0.9  inches  in  the  H-plane.  Horn  PX-5  has  an  E-plane 
half-angle  flare  of  3.4*  while  the  corresponding  angle  for  PX-6  is  4.7*.  All 
measurements  were  made  at  9.0  GHz  to  demonstrate  that  Che  technique  could  be 
applied  at  a new  frequency.  All  previous  X-band  measurements  made  by  Georgia 
Tech  were  performed  at  9.68  GHz  since  this  was  the  only  frequency  for  which 
complete  probe  data  was  available.  This  probe  data  was  measured  by  Joy  [2] 
using  a separate  spherical  probe  positioning  system. 

Figures  4 and  5 show  the  amplitude  of  the  measured  parallel  and  cross 
polarized  voltages,  respectively,  for  PX-5  measuring  a second  PX-5  probe  that 
is  transmitting.  Measuments  were  made  every  0.5  inches  (0.38X)  in  x and 
y and  Che  probes  were  separated  0.5  Inches.  The  plane  wave  spectra  of  these 
measured  voltages  are  shown  in  Figures  6 through  9.  The  probe  characterisation 
technique  forces  the  guessed  probe  spectrum  to  match  the  measured  spectrum  at 
each  point  in  k-space.  Figures  10  through  13  show  the  predicted  probe  spectrum 
for  Probe  PX-5  obtained  using  the  new  characterization  technique.  Notice  that 
both  parallel-  and  cross-polarised  components  are  obtained  in  both  amplitude 
and  phase  and  that  this  infomatiext  is  obtained  off  as  well  as  on  the  principal 
planes.  To  check  the  validity  of  the  technique,  Che  predicted  probe  spectra 
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'X-6  on  left  and  PX-5 


FILE  1,  PX-5R  r^ERS.  WITH  PX-bB.  VR 


Figure  4 


• Aaplitude  of  vertical  (parallel)  component  of  measured  voltage 
obtained  using  one  PX-5  as  the  probe  and  another  PX-5  as  a 
transmitter. 


FILE  2.  PX-5F1  MEflS.  WITH  PX-5B,  VB 


Figure  3 


Aaplitude  of  horlsontal  (cross)  coaponent  of  aessurad  voltsge 
obtained  using  one  PX-5  as  the  probe  and  another  PX-5  as  a 
transaltter. 
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Figure  6.  Aaplltude  of  vertical  (parallel)  co^>onent  of  aeaeured  plane 
nave  apectna  obtained  ualng  one  PX-5  aa  the  probe  and  anothar 
PX-S  aa  a trananltter. 
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Ph«s«  of  vortical  (parallol)  coapoaont  of  Baaourad  plaaa  nova 
spactruB  obtaload  uainc  ona  PX-5  aa  ttaa  proba  and  anothar  PZ-S 
as  a traaMlttac. 
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iai^licnd*  of  borisootol  (erooo)  eoaponoac  of  wwoorod  rloao 
wnro  ojpootroa  obtoiaoi  uoiag  ooo  Plt>S  m eko  probo  oad  oaothor 
FX-5  ••  m traooBlttor. 
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■hotm  In  Flturna  10-13  vnr*  used  to  predict  the  spectre  thet  wowld  be  obtained 
with  one  FX-S  probe  aceeurlns  another.  This  date  la  ahown  In  Flfwrea  14-17. 
The  good  agreesMnt  between  these  predicted  spectra  and  thoae  actwally  aea- 
aurad,  l.e.  Figures  ^9.  Indicate  that  the  new  characterisation  technique 
la  perfoinlng  properly. 

A slallar  procedure  was  applied  to  Frobe  FX-4.  Figures  It  and  19  show 
the  aaiplltudae  of  the  neaaurad  parallel  and  cross  polarised  voltages,  respec- 
tively , for  one  FX-4  probe  naasurlng  a second  FX-4  probe  that  la  traasnlttli^. 
MeasuresMnts  were  nadc  every  0.5  Inches  (0.38X)  la  x and  y and  the  probes 
%»ere  separated  0.5  Inches.  The  plane  wave  spectra  of  these  neasured  voltages 
are  shotm  In  Figures  20-23.  The  calculated  probe  spectra  for  FX-4  based  on 
this  data  are  given  In  Figures  24-27.  The  predicted  probe  spectra  were  then 
used  to  calculate  the  spectra  that  would  be  obtained  aeasurlng  one  FX-4  with 
another  PX-4  and  this  data  is  presented  in  Figures  28-31.  The  agrecnent 
between  these  predicted  neasured  spectra  and  those  actually  neasured  spectra 
(Figures  20-23)  Is  good  although  not  as  close  as  that  for  PX-5. 

Finally  Probe  PX-4  was  used  to  neasure  Probe  PX-5  which  was  transnltting. 
The  measured  spectra  for  this  geometry  using  the  same  sample  and  probe  spacing 
as  before  are  shown  In  Figures  32-35.  The  spectra  for  Probes  PX-5  and  PX-4 
obtained  using  the  new  characterization  techniques  were  then  used  to  predict 
the  spectra  that  should  be  measured  when  PX-6  measures  PX-5  and  this  data  Is 
given  in  Figures  34-39.  An  unknown  but  constant  phase  and  amplitude  error 
was  made  between  each  of  the  three  sets  of  measurements  reported  above.  The 
phase  error  produced  a shift  in  the  phase  levels  of  Figures  33  versus  37  and 
35  versus  39.  The  shape  of  the  phase  piuts,  however,  still  shows  agreament. 
The  amplitude  error  produced  a difference  in  absolute  levels  of  the  plots. 

The  good  agreement  among  these  last  eight  figures  demonstrates  that  the 
characterization  technique  Is  working  properly. 
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n^ir*  14.  A^lltud*  of  prodictod  vortical  (porallol)  coaponant  of  aeasured 
Wiv®  spectra  for  probe  PX-5  Meeurlog  soother  PX-5  that 
ie  trensBl ttiogo  Spectrua  of  PX-5  wee  calculated  using  aeasured 
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Figure  17.  Phase  of  predicted  horizontal  (cross)  component  of  measured 

plane  wave  spectrum  for  probe  PX-5  measuring  another  PX-5  that 
Is  transmitting.  Spectrum  of  PX-5  was  colculated  using  measured 
data. 
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FILE  5.  PX-6A  hEFIS.  WITH  PX-6B,  Vfl 


Figure  18.  Aaplltude  of  vertical  (parallel)  ccaponent  of  aeaeured  voltage 
obtained  using  one  PX-6  as  the  probe  and  another  PX-<6  as  a 
transaitter. 
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ClIHqiTRUEl  FOR  RX-6fl  MdRS  . IH I TH  PX-G 


wXpif  20.  Aapllcud*  of  vortical  (porollol)  coapoaont  of  Moourad  plana 
vava  spactrua  obtainad  uaing  ona  PX-6  aa  tha  proba  and  anothor 
PX-6  aa  a tranailtCar. 
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ricur*  21. 


Fha««  of  vortical  (porallol)  coapoaaac  of  Moaurad  plana  wava 
apaetrua  obtaiaad  uaiap  ooa  PZ-6  aa  I la  pn^a  and  aaothar 
aa  a traaaalctar. 
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Flfur*  24.  AapllCudc  of  x-coaponont  of  piano  wave  apactrua  for  proba  PX-4 
at  9 CHx. 
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file  905.  q^Y  FOR  PX-6 


rigur«  27.  of  jr-coap  of  plan*  wav«  apactnia  for  probe 

at  9 CRa. 
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Figure  31.  Phase  of  predicted  horizontal  (cross)  coaponent  of  ocasured 
plane  wave  spectrua  for  probe  PX-6  aeasuring  another  PX-6 
that  is  tranaaitting.  Spectrua  of  PX-6  was  calculated  using 
aeasured  data. 
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rifurs  34.  itaipllcud*  of  horizoncal  (croas)  coaponant  of  acMurad  plane  wave 
■pactrua  obtained  ualnc  PX-6  aa  the  probe  and  PX-S  aa  a trana- 
alttar. 
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MLE  24.  qNBfTRUE)  FOR  PX-S  MERS  • UITH  px-6 


35.  Phase  of  horlxoncal  (cross)  coaponsac  of  asssursd  plans  vave 
spsecrua  obtslnad  ualnt  PX-6  as  the  probe  and  PX-5  as  a trana* 
■ittar. 


FILE  910.  qM«(EST.I  FOR  pX-S  ^EfiS  TH  PX-6 


Figure  36.  Aaplltudc  of  predicted  verticel  (perellel)  coaponent  of  aeeeured 
plene  wave  apectrua  for  probe  PX-6  acaeurlng  PX-5  ae  a trana- 
aitter.  The  apectra  of  PX-5  and  PX-6  were  calculated  ualng 

aeaaurad  data. 
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Figure  37.  Pheee  of  predicted  vertlcel  (perallel)  coaponent  of  Meeured 
plene  veve  epectrue  for  probe  FX-6  aeesurlng  PX-5  ae  a trana- 
alcter.  The  apectra  of  PX-S  and  PX-6  were  calculated  ualng 

aeaaurad  data. 
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FILE  911.  OMBIEST.I  FOR  PX-b  MFflS  . WITH  PX-6 


Fifur*  38.  AapUtud*  of  pradictad  borlxontal  (croaa)  coaponant  of  aaaaurad 
plwa  vava  apaetna  for  proba  PX-6  Baaouring  PX-S  aa  a trana- 
■Ictar.  Tha  apactra  of  PX-5  and  PX-6  vara  calculatad  ualng 

■aaaurad  data. 


The  preceding  comparisons  have  shown  that  the  new  probe  characterization 
technique  does  predict  the  probe  spectrum  for  both  parallel-  and  cross-polarl- 


zatlon  both  on  and  off  the  principal  planes.  Accuracy  of  the  technique  Is 
difficult  to  assess  directly  since  no  comparison  probe  data  was  available. 

A comparison  between  predicted  and  actual  measured  spectra  of  one  probe  mea- 
suring another  showed  the  following:  the  parallel  polarized  component,  l.e. 

i 

AMA,  generally  agreed  to  within  0.5  dB  In  amplitude  and  6*  In  phase,  while  | 

the  cross  polarized  component,  l.e.  AMB,  generally  agreed  to  within  1.5  dB  | 

in  amplitude  and  15*  In  phase  near  the  peaks  of  the  cross  polarized  pattern 
and  had  somewhat  lower  accuracy  in  the  null  regions.  It  Is  believed  that  the 
errors  In  the  predicted  probe  spectra  are  about  half  of  these  differences. 

Calculation  of  PX-5's  spectrum  required  about  4 minutes,  while  that  of  PX-6 

required  about  5 minutes  on  the  Georgia  Tech  CYBER  70  computer.  Obtaining 

comparable  measurements  using  Joy's  approach  [2]  requires  a separate  spherical 

measurement  facility,  measuring  and  recording  spherical  component  of  the 

fields,  conversion  of  these  data  expressed  In  spherical  components  to  k-space 

data,  and  Interpolation  of  this  data  to  obtain  evenly  spaced  k-space  data  as 

Is  required  for  subsequent  usage.  The  new  technique  appears  to  offer  advan-  j 

tages  over  the  old  technique  In  overall  system  cost  through  elimination  of  | 

both  the  need  for  a spherical  positioning  system  and  the  need  for  many  of  the 

tedious  calculations  required  by  the  older  method. 

1 
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SECTION  V 


CLINT  MEASUREMENTS 

The  valldiCy  of  the  Plane-Wave  Spectrum  (or  Modal  Expansion)  Technique 
for  near-zone  radar  cross-section  application  was  demonstrated  under  a pre- 
vious contract  (9]  at  Georgia  Tech.  Simple  geometrical  shapes  such  as  flat 
plates  as  well  as  an  F-lOO  model  aircraft  were  measured  using  simple  wave- 
guide horn  antennas.  It  was  demonstrated  that  the  Plane-Wave  Spectrum  Tech- 
nique could  predict  near-zone  radar  cross-section  signals  for  these  simple 
antennas.  The  purpose  of  the  present  study  Is  to  validate  the  technique  with 
more  complicated  antennas  as  are  typical  for  realistic  missile  seekers.  The 
apparatus  used  for  this  purpose  Is  similar  to  that  used  In  the  previous  con- 
tract [9].  A horizontally  polarized  plane  wave  Illuminator  Is  used,  as 
illustrated  In  Figure  40,  to  Illuminate  the  model  aircraft  with  a plane  %«ve. 
Reflected  energy  from  the  target  la  measured  by  the  probe  antenna  moving  on 
a planar  surface.  The  previously  measured  probe  characteristics  are  used  to 
remove  ',Tobe  effects  from  the  near-fleld  data,  thus  obtaining  the  scattered 
field  due  to  the  target  by  Itself.  The  signal  received  by  a tracker  antenna 
Can  be  computed  using  the  measured  scattered  characteristics  of  the  target 
and  the  previously  measured  characteristics  of  the  tracker  antenna.  The  plane 
wave  Illuminator  la  a six-foot  diameter  paraboloidal  reflector  with  only  the 
upper  half  Illuminated  to  avoid  blockage  due  to  the  feed.  A phase  locked 
klystron  operating  at  9.0  GHz  was  used  as  the  signal  source.  Near-fleld  data 
Is  obtained  using  an  XYZ  positioner  developed  by  Scientific  Atlanta  that  is 
capable  of  moving  a probe  over  a 100-lnch  by  100-lnch  plane  with  an  accuracy 
of  ^O.OOS  Inches.  The  receiver  portion  of  the  system  consists  of  a Scientific 
Atlanta  phase-amplitude  receiver.  The  measurement  process  has  been  automated 
by  Georgia  Tech  to  permit  mini-computer  control  of  the  entire  data  measure- 
ment process. 
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Plane  Wave 
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43.75  Inches 


0.75  Inches 


Figure  40.  Geometry  for  flyby  measurements  at  9.0  GHz  of  1/33  scale  F-105 
model  aircraft. 
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A.  Tracker  Measurements  | 

The  Cracking  antenna  used  In  these  measurements  is  a one-foot  diameter 

♦ 

paraboloid  with  a alngle-plane  monopulse  feed  at  Its  focal  point.  The  tracker  ' ' 

was  mounted  for  characterization  purposes  so  that  It  was  vertically  polarized  | 

and  such  that  the  waveguide  run  to  the  feed  went  over  the  top  of  the  dish.  j i 

The  difference  port  was  then  an  azimuth  plane  difference  channel.  Figures 

41  and  42  show  the  amplitudes  of  the  measured  parallel  and  cross  polarized  j 

voltages,  respectively,  for  the  sum  channel.  The  x direction  is  horizontal 
and  the  +y  direction  is  up.  The  blockage  produced  by  the  waveguide  run  to  •.  j 

the  feed  can  clearly  be  seen  In  Figure  41.  The  peak  cross  polarized  voltage 
Is  about  14  dB  below  the  parallel.  The  measured  amplitudes  of  the  voltages 
of  the  parallel  and  cross  polarized  components  for  the  difference  channel  are 
given  In  Figures  43  and  44,  respectively.  The  amplitudes  of  the  plane  wave 
spectra  corresponding  to  the  measured  voltages  are  given  In  Figures  45-48. 

This  data  was  corrected  using  the  probe  characterization  data  described  in 
Section  IV,  Measurements  were  made  of  the  tracker  antenna  using  both  Probe 
PX-5  and  PX-6.  Since  the  data  is  very  similar,  only  that  obtained  using 
Probe  PX-5  is  presented  here.  The  fact  that  the  calculated  spectra  of  the 
tracker  are  nearly  Identical  using  the  wwo  sets  of  probe  data  indicates  that 
the  probe  characterization  data  is  very  good.  Removing  probe  characteristics 
p produces  the  plane  wave  spectra  of  the  seeker  shown  In  Figures  49-52.  The 

I cross  polarized  signal  of  the  sum  channel  Is  about  26  dB  below  the  parallel 

> 

polarized  sum  channel.  For  the  difference  channel  the  cross  polarized  sig- 
nal is  down  nearly  20  dB  for  the  angular  sector  plotted. 

B.  Target  Measurements 

Fly-by  measurements  were  made  on  ^ model  of  an  F-105  aircraft  using  a 
single  plane  (two  horn)  monopulse  tracking  antenna.  Figure  40  Illustrates 
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Figure  42.  Aaplitude  of  horltontal  (cross)  component  of  measured  voltage 
for  sum  channel  of  one-foot  tracker  at  9 CHs  using  probe  PX-5. 
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Figure  43.  Am>'licude  of  vertical  (parallel)  component  of  measured  voltage 
for  difference  channel  of  one-foot  tracker  at  9 GHz  using  probe 
PX-5. 
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Figure  AA.  ^^plltude  of  horizontal  (croaa)  component  of  measured  voltage 
for^dlfference  channel  of  one-foot  tracker  at  9 GHz  using  probe 
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FIIE  41,  RRX  FHR  5UM  USING  PX-S 


Figure  49.  AapllCude  of  x-coaponent  of  plane  wave  apectrua  for  aua  channel 
of  one-foot  tracker  at  9 GHz. 


Che  geometry  used  In  Che  measurements.  The  1/33  scale  model  of  the  F-105 
aircraft  was  Illuminated  at  9 GHz  using  an  offset  fed»  parabolic  reflector 
to  generate  a plane  wave  Illumination  on  Che  model  aircraft.  The  Illuminator 
was  horizontally  polarized  and  Illuminated  Che  belly  of  the  aircraft.  The 
F-105  was  mounted  with  Its  wings  vertical  and  was  Illuminated  at  an  angle  of 
45*  below  the  tall  of  the  aircraft.  Near-fleld  measurements  were  made  using 
Probe  PX-5  on  a plane  43.75  Inches  from  the  center  of  the  aircraft.  Figure  53 
shows  the  amplitude  of  the  parallel  (l.e.,  x)  component  and  Figure  54  shows 
Che  amplitude  of  the  cross  polarized  (l.e.,  y)  component  of  the  signal  measured 
by  PX-5  after  subtracting  out  the  background  signal.  This  near-fleld  data 
was  transformed  to  k-space  and  probe  effects  were  Chen  removed.  The  resulting 
plane  wave  spectrum  due  to  the  target  alone  Is  shown  In  Figures  55-58.  Figure 
55  shows  the  amplitude  of  the  parallel  polarized  component  of  Che  plane  wave 
spectrum. 

The  measured  spectrum  of  the  ?-105  shown  In  Figures  55-58  and  the  pre- 
viously measured  spectrum  of  the  one-foot  monopulse  tracking  antenna  (Figures 
49-52)  were  used  to  predict  Che  signal  that  would  be  observed  using  Che  tracker 
over  a plane  44.5  Inches  ...’d  over  a plane  54.5  inches  from  the  target.  These 
distances  correspond  Co  easily  obtainable  separations  on  the  near-fleld  range. 
The  predicted  signal  received  by  both  the  sum  and  difference  channels  of  the 
monopulse  antenna  were  calculated  every  0.5  Inches  in  x and  y over  a 128  x 128 
grid.  To  validate  these  predictions,  measurements  were  made  using  the  mono- 
pulse tracker  for  horizontal  fly-bys  separated  by  6 Inches  In  elevation  over 
both  prediction  planes.  The  tracker  was  oriented  as  an  elevation-plane  mono- 
pulse cracker  to  match  the  polarization  of  Che  Illuminator,  although  the 
tracker’s  radiation  patterns  were  measured  earlier  with  It  oriented  as  an 
azimuth-plane  monopulse  antenna.  Measured  data  was  recorded  for  both  the 
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Figure  53.  MeAsured  amplitude  of  parallel'-polarized  component  of  the  scattered 
electric  field  from  F-105  model  at  9.0  GHz  using  probe  PX-5. 
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Figure  55. 


Amplitude  of  x-component  of  scattered  plane 
P-105  model  at  9.0  GHz. 


wave  spectrum  from 
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Figure  S8.  Phase  of  y-coaponent  of  scattered  plane  wave  spectrua  fra 
F-105  aodel  at  9.0  GRs. 


Mim  and  the  difference  channels  every  0.5  Inches  along  each  of  the  horlsontal 
fly-by  cuts.  Figures  59-62  show  a comparison  of  the  parallel  polarized  sue 
channel  signals  measured  and  computed  for  horizontal  fly-bys.  It  should  be 
noticed  that  the  agreement  In  amplitude  and  phase  Is  quite  good.  Similar 
data  for  the  difference  channel  Is  shown  In  Figures  63-66  and  again  the  agree- 
ment Is  quite  good.  Cross  polarized  signals  could  not  be  predicted  as  well 
as  shown  In  Figures  67  and  6S.  It  Is  felt  that  the  difficulty  In  predicting 
cross  polarized  signals  Is  the  result  of  small  positioning  errors  In  the 
measurement  setup  which  can  couple  the  strongly  scattered  parallel  component 
Into  the  weakly  scattered  cross  component  being  received.  Tests  were  run  In 
which  the  monopulse  antenna  was  slightly  rotated  or  the  model  aircraft  slightly 
repositioned.  These  changes  produced  substantial  changes  In  cross  polarized 
signals,  as  would  be  expected  from  typical  antenna  cross  polarization  measure- 
ments. It  was  thus  concluded  that  accurate  placement  of  the  target  and 
accurate  rotation  of  the  probe  and  monopulse  antenna  are  required  to  make 
accurate  measurements  of  the  cross  polarized  components.  However,  such  care 
was  not  exercised  In  performing  this  set  of  measurements. 

Most  tracking  systems  are  not  Interested  In  the  sum  and  difference  chan- 
nels by  themselves.  Instead,  these  two  signals  are  used  to  produce  error 
signals  that  drive  tracking  circuits  which  cause  the  antenna  and  missile  to 
head  toward  the  target.  A typical  monopulse  tracker  looks  at  the  phase  of 
the  difference  channel  relative  to  the  siat  channel  to  determine  If  the  target 
Is  to  the  left  of  (or  below)  or  to  the  right  of  (or  above)  boreslght.  The 
magnitude  of  the  difference  signal  determines  how  far  the  target  is  from  borc- 
slght.  An  analysis  of  this  signal  processing  technique  {10]  shows  that  the 
monopulse  system  basically  utilizes  the  ratio  of  the  difference  channel  vol- 
tege  to  the  sum  channel  voltage  to  derive  the  error  signal.  The  phase  of 
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A/C  Indicates  whathar  tha  target  is  to  the  left  of  (or  below)  or  right  of 
(or  above)  boraaight  and  the  slope  of  this  signal* can  be  calibrated  to  deter- 
mine the  angle  of  the  target  off  boresight.  Compariaona  of  A/£  calculationa 
are  shown  in  Figures  69-74.  These  figures  have  not  been  nonslised  in  aaipli- 
tude  or  phase  but  slaply  dlaplajr  the  actual  ■assured  and  calculated  dgta. 

The  error  signal  aaplitude  is  plotted  in  decibels.  A A/£  value  of  1 (0  dB) 
corresponds  to  an  angle-error  signal  of  roughly  5*.  idiile  a A/C  value  of 
-20  dB  corresponds  to  Q.S*  error  in  angle.  It  can  be  seen  froa  these  figures 
that  the  error  signal  pradicted  by  the  aonopulse  antenna  agrees  quite  well 
with  those  obtained  froa  aessured  fly-bys.  Tha  phase  of  this  error  signal 
is  offset  by  about  ISO*  froa  that  aessured.  The  shape  of  the  phase  curves, 
however,  agrees  quite  well.  The  difference  in  phase  signals  appears  to  be 
the  result  of  an  error  aade  in  aeasurlng  the  aonopulse  antenna.  It  appears 
that  one  of  the  signals  was  aessured  with  the  coax  to  waveguide  adaptor  rotated 
180*,  thus  producing  a 180*  phase  shift  in  the  aeasureaents.  In  addition, 
coax  cables  were  used  to  connect  to  the  input  of  the  aonopulse  antenna  during 
its  characterisation  aeasureaents  and  flexing  in  this  cable  probably  produced 
another  30*  phase  error,  thus  giving  the  150*  phase  difference  between  cal- 
culated and  aessured  data.  It  can  be  seen  froa  these  figures  that  the  level 
of  the  signal  goes  froa  large  to  saall  to  largo  again  as  the  seeker  flies 
froa  below  through  the  center  and  above  the  target.  Also,  the  phase  of  the 
signal  changes  by  180*  when  going  froa  below  the  target  to  above  the  target. 
Thus,  the  plane  wave  apectrua  technique  does  produce  the  right  sense  of  change 
In  phase  error  and  aaplitude  error  for  the  aonopulse  tracking  antenna. 

Vertical  fly-by  calculations  could  be  plotted  although  no  aaaaureaenta 
were  aade  to  coapare  with  these  vertical  fly-bys.  Figaros  75-76  show  ver- 
tical fly-by  calculationa.  The  error  signal  dropa  to  a vary  low  value  as 


CONPUTEO 
— NERSUREO 


! 


i 


I 

i 


e. 



tn 

o_ 

1 

|H 

Nitnltii4o 

Subtoodod 

1 

of  Anglo 
bjr  Targot 

CM 

O. 

H 

HI 

CD 

a 

r 

■ 

* 

Ml 

m 

Hi 

o 

3 

>— 

^o. 

I 

I9i 

SR 

HI 

0.  ' 

sr 

cx 

o. 

1 

iH 

m\ 

CM 

1 

o. 

1 

1 

<n 

1 

o 

rJ 

1 

HI 

>30  -20  -10  0 10  20  SO 

X POSITION! IN. ) 


flpiM  Sf.  ud  eoapatcA  ratio  of  ilfforaaeo  chMMl  to  mm  nhoi— ! 

oloot  3 • iachra  on  • • 44.S  Insli  pUnn  foe  porallol 
polorlMClon. 


0.05  0.5  5 50 

ANGULAR  TRACKING  ERROR  (DEO) 


AWPLirUDEl DBJ  PHflSE(DEG) 

-40  -30  -20  -10  0 10  20  30  -100  0 100 


BEST  AVAIUBLE  COPY 


X POSITIONt  IN  . ] 


llM«ur«d  and  ea^tad  ratio  of  dlffarenea  ehannal  to  aua  channal 
along  llna  f 0 inchaa  on  a ■ 44.5  Inch  plana  for  parallal 
polarlaation. 


flNGULfi»\  TRACKING  ERROR  (DhG) 


coh*>ute;o 


tlEflSUREO 


Magnitude  of  Angle 
Subtended  by  Target 


Meaaured  and  coaputed  ratio  of  difference  channel  to  aun  chanael 
along  Una  y ■ 6 Inchea  on  a A4.S  Inch  plane  for  parallel 
polarlaatlon. 


RNGULfiR  TRACKING  fRROR 


RMPLITUDEI OBJ  PHPSEIDECJ 

-40  -30  -20  ' -ip  q 10  20  30  -180  0 180 


BtSl  AVUlABlt  COEK 


r 


7igur«  72. 


Naamrad  and  eoaputad  ratio  of  dlffercnca  channal  to  aiai  chanaal 
aloag  liaa  y * -6  laehaa  on  i ■ 54.5  inch  plana  for  parallal 
polarisation. 


ANGULAR  TRACKING  ERROR  (DEG) 


PMPLITUDEl DBJ  PHflSElDEC) 

-20  -10  0 10  20  30  -180  0 It 


» ' 


rifur*  73.  HtMural  •n4  coaputad  ratio  of  tflffaraaea  chaanal  to  aui  ckaaaal 
along  llna  y ■ 0 Inehaa  on  a ■ 54.S  inch  plana  for  parallal 
polarlaatlon. 


101 


flNCKJLfiR  TRACKING  ERROR  (DEC! 


COMMUTED 


riERSlJREO 


Magnitude  of  Angle 
Subtended  by  Target 


Haaanrtit  coaputad  ratio  of  difference  channel  to  aua  channel 
along  line  y • h inches  on  s • 54.5  inch  plana  for  parallel 
polarisation. 


cn 

o. 

CV 

CSJ 

1 

o. 

fTi 

1 

flNGULflf?  TRACKING  fRROR  (DEG) 


o 

ir> 


o 


O 

o 


O 


FiCvr#  76.  Calcttlatai  diff#rmc«  chana^l  to  ow  clMnnol  ratio  for  parallal 
polariaatioa  aloas  tte  rartloal  11m  ipO  liicbM  oa  tha  a « 54,3 
iMh  plaM. 


104 


RNGULflR  TRfiCKING  KRROR 


w.*- 


HJIW' 


the  tracker  goes  across  the  target  and  the  phase  angle  changes  by  roughly 
180*  as  It  crosses  the  target  as  Is  expected  for  a monopulse  antenna. 

Figures  77  and  78  show  the  calculated  phase  of  the  error  signal  for 
parallel  polarization  over  the  two  measurement  planes.  The  180*  phase  shift 
In  going  from  above  to  below  the  target  can  clearly  be  seen  in  this  figure. 

It  can  also  be  seen  that  this  error  signal  applies  mainly  to  the  central 
region  where  the  target  Is  located. 

C.  Data  Reduction  Techniques 

A number  of  techniques  were  considered  for  reducing  the  quantity  of  data 
that  must  be  measured  or  the  quantity  of  data  that  must  be  processed  In  order 
to  utilize  the  Plane  Wave  Spectrum  technique.  One  simple  method  for  reducing 
the  quantity  of  data  that  must  be  measured  Is  to  Increase  the  spacing  between 
samples  of  data.  This  process  decreases  the  number  of  rows  and  columns  of 
data  that  must  be  measured.  A conventional  size  probe  Is  used  In  this  approach. 
The  measured  spectrum  obtained  using  this  approach  is  valid  only  over  a 
limited  angular  sector  near  the  origin  of  k-space.  Aliasing  distortion  pro- 
duces a false  spectrum  beyond  the  central  region  of  k-space.  Hence,  this 
technique  is  not  usable  unless  it  Is  known  a priori  that  only  the  region  near 
the  origin  of  k-space  Is  desired. 

The  false  spectrum  may  be  eliminated  by  using  a large  measurement  probe. 
The  spectrum  of  the  probe  acts  like  a low  pass  filter  and  limits  the  spectrum 
to  points  near  the  origin  of  k-space.  Thus,  the  spacing  between  the  sampler 
may  be  increased  and  consequently  the  quantity  of  data  that  must  be  measured 
can  be  decreased.  However,  the  measured  spectnmi  Is,  again,  valid  only  over 
the  central  region  of  k-space.  The  size  of  this  region  depends  on  the  spec- 
ttum  of  the  large  measurement  probe. 
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An  alternate  technique  for  reducing  the  quantity  of  data  Involves  various 
filtering  schemes.  Analog  filtering  may  be  performed  on  the  measured  data 
directly  as  It  Is  measured  or  after  It  has  been  recorded  on  magnetic  tape. 

This  approach  requires  a large  number  of  measurement  points,  but  the  data 
Is  subsequently  reduced  In  quantity.  Consequently,  a much  smaller  array 
must  be  Fourier  transformed  and  a small  array  is  then  used  for  subsequent 
data  processing.  The  technique  may  also  be  implemented  using  digital  fil- 
tering on  a computer.  All  of  the  measured  data  is  recorded  on  magnetic  tape 
and  this  data  Is  filtered  digitally  in  a fashion  similar  to  the  analog  filtering 
process  described  above.  This  technique  has  been  described  by  Joy  [2]  and 
can  be  used  to  obtain  the  field  over  an  angular  region  of  space  located 
anywhere  In  the  visible  region.  Typically,  this  technique  only  provides 
information  over  a limited  region  of  space  which  is  normally  of  interest 
for  pencil-beam  antennas.  However,  for  RCS  problems  data  is  usually  required 
over  a large  region  of  space,  and  so  this  type  of  processing  is  not  appli- 
cable. 

It  appears  that  the  most  useful  technique  for  RCS  measurements  is  to 
measure  the  full  quantity  of  data  and  to  transform  all  of  this  data  Into 
plane  wave  spectrum  Information.  This  spectrum  can  then  be  processed  to 


reduce  its  quantity  but  still  provide  a spectrum  that  is  applicable  over 


SECTION  VI 


CONCLUSIONS  AND  RECOMMEin)ATIONS 

The  modal  expansion  technique  using  Che  plane  wave  spectrum  representa- 
tion has  been  used  to  obtain  glint  characteristics  of  aerospace  targets. 

This  technique  allows  one  set  of  measurements  of  Che  field  scattered  by  a 
target  to  be  used  with  the  radiation  patterns  of  a variety  of  antennas  to 
determine  the  tracking  error  signal  produced  from  each  of  these  antennas. 

The  technique  has  been  demonstrated  with  a model  F-105  aircraft  and  a single 
plane  monopulse  antenna  at  X-band.  Computed  and  measured  signals  have  been 
compared  for  both  the  sum  channel  and  the  difference  channel.  The  measured 
ratio  of  the  difference  to  sum  channel  signals  (which  Is  a function  of  the 
angular  error)  has  also  been  compared  with  the  calculated  value.  The  excel- 
lent agreement  obtained  in  both  amplitude  and  phase  for  measurements  of  the 
parallel  polarized  component  of  the  scattered  field  shows  Che  basic  accuracy 
of  the  technique.  This  good  agreement  between  measurement  and  predictions 
has  been  shown  for  sum  channel  signal,  difference  channel  signal  and  their 
ratio  even  at  distances  very  close  to  the  target.  The  agreement  for  cross 
polarized  reception  has  not  been  as  accurate  as  chat  for  parallel  polariza- 
tion. Measurements  performed  under  this  contract  have  shown  Chat  accurate 
positioning  and  rotation  of  the  seeker  and  accurate  positioning  of  the  tar- 
get are  required  in  order  to  make  accurate  cross-polarization  predictions. 

Several  techniques  for  data  reduction  have  been  examined  under  this 
program.  Most  of  these  techniques  are  applicable  when  data  Is  required  only 
over  a limited  angular  sector  of  space,  the  position  of  which  Is  known  a 
priori.  This  approach  Is  often  acceptable  for  antenna  measurements.  However, 
for  RCS  measurements  Che  data  is  usually  required  over  a wide  cone  of  viewing 
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angles  since  the  missile's  look-direction  to  the  target  may  change  substan- 
tla.My  during  flight.  It  Is  thus  recomsiended  that  a complete  set  of  data 
be  measured  and  this  data  processed  to  reduce  Its  quantity  after  its  plane 
wave  spectrum  has  been  obtained. 

Also  presented  In  this  report  Is  a new  technique  for  characterizing 
near-fleld  measurement  probes.  This  technique  permits  the  same  planar  scan- 
ner to  be  used  for  making  the  probe  characterization  measurements  as  is  used 
for  making  the  RCS  measurements.  Current  probe  characterization  techniques 
require  a separate  spherical  positioning  system  for  making  Che  probe  charac- 
terization measurements.  Thus,  a substantial  savings  in  facility  cost  can 
be  realized  using  this  new  probe  characterization  technique.  Corrections 
are  also  presented  in  this  report  to  errors  that  have  appeared  in  Che  litera- 
ture in  the  probe  correction  equations. 

Several  tasks  reauln  Co  be  undertaken  in  order  to  complete  the  develop- 
ment of  the  near-fleld  RCS  measurement  technique  described  in  this  report. 

The  measurements  presented  in  this  report  were  made  at  X^band  on  a 1/33  scale 
model,  corresponding  to  full  scale  measurements  at  VHF  frequencies.  To  obtain 
data  on  this  model  applicable  Co  microwave  frequencies,  the  measurement  wave- 
length needs  to  be  in  the  millimeter  range.  Antenna  measurements  have  been 
smde  at  70  GHz  on  the  Georgia  Tech  near-fleld  range,  and  it  Is  anticipated 
that  model  RCS  measurements  can  also  be  performed  at  millimeter  wavelengths. 
The  need  exists  to  reduce  the  size  of  the  target  illuminator.  A smaller 
illuminator  would  simplify  its  positioning  and  would  permit  smaller  biatatlc 
angles  to  be  measured.  Current  near-zone  RCS  measurements  have  been  relative 
in  nature.  A calibration  technique  needs  to  be  established  to  obtain  abso- 
lute RCS  data  from  the  near-zone  measurements.  Processing  of  the  near-fleld 
data  la  currently  performed  on  a large,  general  purpose  computer.  A number 


of  disadvantages  have  resulted  fron  this  approach  including  slow  turn  around 
tlae  and  extra  manpower  required  to  transfer  data.  Improved  operation  would 
be  obtained  by  using  a dedicated  minicomputer  with  a disc  system.  This  would 
permit  on-site  data  reduction  and  processing  and  would  reduce  the  data  turn- 
around problem.  A substantial  amount  of  software  must  be  developed  in  order 
to  permit  such  operation  on  a minicomputer.  In  addition,  data  reduction  tech- 
niques must  be  develoepd  and  Implemented  on  a minicomputer  system  for  elec- 
trically large  targets.  Techniques  are  available  for  doing  each  of  the  above 
tasks  and  have  been  evaluated  by  Georgia  Tech. 
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APPENDIX 


NEAR-FIELD  OHIPUTATION  USING  BANDPASS  FILTERED  DATA 

A theoretical  Investigation  of  the  nun be r of  plane  waves  required  to 
describe  a snail  region  of  a scattering  pattern  was  undertaken  and  a sunnaxy 
of  this  investigation  is  given  below.  Between  the  extremes  of  all  visible 
wavenunbers  at  close-in  nesr  fields  (and  even  invisible  wavenumbers  corres- 
ponding to  evanescent  waves  in  the  very  close-in  near  field)  and  a sli^le 
wavenumber  at  infinity,  there  exists  a wavenumber  bandwidth  which  describes 
the  significant  field  contributions  for  most  scatterers.  This  will  now  be 
briefly  explained.  The  field  at  an  observation  point  is  given  by  the  Integral 
of  a plane  wave  spectrum.  The  major  contribution  from  the  integrand  comes 
from  its  stationary  phase  point.  At  this  point  the  integrand  is  slowly 
oscillating  and  a net  contribution  to  the  value  of  the  Integral  is  made.  At 
increasing  angles  from  the  observation  point  direction,  the  Integrand  varies 
more  and  more  rapidly,  but  with  equal  and  opposing  values,  so  now  there  is  no 
net  contribution  to  the  Integral.  Therefore,  what  this  says  is  that  although  a 
particular  region  of  the  PWS  may  have  an  integrand  resulting  in  significant  con- 
tribution, such  as  the  main  bean  or  first  sldelobe,  the  wavenumbers  outside 
that  region  have  an  Integrand  result  with  little  or  no  net  contribution. 

An  expression  will  now  be  developed  for  the  number  of  p^ane  waves  required 
to  describe  the  significant  field  contributions  to  a particular  major  lobe  based 
on  the  3 dB  width  of  the  lobe  and  on  the  value  of  the  largest  visible  wave- 
number. Recall  the  uncertainty  principle 

(32) 

where 

P^  ■ hk^  and  Equation  (32)  bsccmse 
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where  Ax  Is  the  standard  deviation  or  half  the  3 dB  width  of  the  lobe 
Therefore,  «fe  define 


and  Equation  (33)  becoaes 


where  the  3 dB  width  AX  is  as  shown  in  Figure  79.  The  nuaber  of  plane  waves 
n,  required  to  describe  the  lobe  is 


where  Ak  is  the  wavenuaber-space  saaple  increment  given  by 


where  N is  the  total  nuaber  of  wavenumber-space  samples  and 


where  6 is  the  angular  width  of  the  pattern.  Rewriting  Equation  (35) 

as 


substituting  into  Equation  (36X  one  obtains  the  expression  for  nt 


which  is  in  tsiBs  of  the  3 4B  lobe  width  and  wav( 


At  thl*  point,  an  expression  which  detenlnes  the  center  of  the  desired 
wavenuBiber  region  Is  needed.  Referring  to  Figure  80,  we  express  the  rela- 
tionship between  the  3 dB  lobe  widths,  ^q*  8Xj,  and  the  distance  of  the 
neasuraient  plane  Z.  and  the  conputed  plane  Z-  as 


and  solving  for  AX-,  we  obtain 


where e Is  as  defined  In  Figure  81.  Changing  to  wavenumber-space  coordinates, 
c 

the  center  of  the  wavenumber  region  of  Interest  Is  expressed  as 


Thus,  Equations  (40)  and  (44)  are  first  order  expressions  for  the  slse  and 
location  of  a wavenumber  bandpass  filter  that  Includes  the  significant  field 


contributions  which  describe  a particular  near-fleld  angular  sector  (i 


or  sldclobe). 

The  bandpass  filtered  data  approach  to  data  reduction  was  tested  on  a 
uniformly  Illuminated  8X  square  aperture  as  Indicated  In  Figure  82.  The 
amplitude  and  phase  over  a 32X  by  32X  region  of  the  near-fleld  plane  was 
obtained  by  using  a sample  spacing  of  Ax  • Ay  • X/2,  thus  (Staining  a 6A  x 84 
array  of  simulated  near-fleld  data  points.  The  center  line  of  the  plana  wave 


Figure  80.  Location  of  aaasuraMnt  plane  (a  ■ Z^)  and  coaputad 

plana  (a  ■ Z ) with  raspacc  to  tha  acattaring  structure 


r 

( 

spcctrua  coapuccd  using  the  discrete  FFT  fron  this  sssipled  near-field  on  the 
s-0  plane  of  the  uniforaly  illuainated  8X  square  aperture  is  shoim  in  Figure  83. 
Integration  of  the  PWS  «ias  perfomed  over  the  entire  64  x 64  array  of  spectral 
data  uaing  the  Bivariate  Integration  Algoritlm.  This  effectively  corresponded 
. to  integration  over  all  visible  vavenunbers  (fron  to  The  integra- 

tion vas  again  perforned  employing  a vavenunber  bandpass  filter  fron  minus 

! .25  k to  plus  .25  k in  both  k and  k , which  corresponded  to  a 16  x 16 

I o o X y 

i array  centered  in  the  wavenumber  spectrum.  The  results  of  the  integration 

performed  over  the  wavenumber  limited  region  are  compared  to  integration  over 

the  entire  PWS  array  in  Figure  83.  Only  the  center-line  data  representing 

i 

a single  near-field  "cut"  is  plotted. 

Integration  over  a 16  x 16  wavenumber  array  results  in  good  agreement 

in  the  first  sldelobe  region  as  well  as  the  main  beam.  Integration  over 

smaller  wavenumber  widths  was  also  performed  to  numerically  verify  the  results 

of  Equation  44.  The  results  of  low-pasr  filtering  the  wavenumber  region  to 

.125  k , which  corresponds  to  integration  over  an  8 x 8 wavenumber  array, 
o 

are  shown  in  Figure  84.  Here,  the  near  field  computed  from  the  low-pass  fil- 
tered FWS  is  compared  to  the  near  field  computed  using  the  unflltered  PWS. 
Again,  very  good  agreement  is  exhibited  in  the  main  beam  region  with  only 
minor  discrepancies  appearing  the  first  sldelobe.  Therefore,  it  could  be 
said  that  Equation  44  provides  a conservative  estimate  of  the  number  of  plane 
waves  required  to  describe  a particular  sector  of  interest,  at  least  in  the 
main  beam  region.  Because  of  the  good  agreement  for  the  case  of  an  8 x 8 
wavenumber  array,  further  low-pass  filtering  of  the  spectral  data  was  per- 
formed to  determine  that  a lower  limit  on  the  number  of  plane  waves  idiieh 
would  adequately  describe  the  main  beam  did  exist  for  this  particular  nsar- 
field  distance  (0.1  D^/X).  Figure  85  presents  the  results  of  integration 
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wavelengths 


•nough  to  describe  the  Beln  bej 


Equation  44.  Figures  86  and  87  present  siailsr  results  for  a nesr-field  dis 


Because  of  the  wavenuaber  Halting,  if  the  region  of  interest  happened 


to  be  in  a region  other  than  the  center,  bandpass  filtering  can  be  used  to 


describe  the  significant  field  contributions  in  that  region.  Figure  88a 


indicates  the  spectral  region  used  to  calculate  the  field  in  the  first  side- 


lobe  using  a 16  X 16  wavenuaber  array  (.25  k ).  The  results  of  the  wave- 


nuaber Halting  in  the  sidelobe  region  are  presented  in  Figure  89  for  calcu 


lations  along  the  center-line  path  indicated  in  Figure  88b.  The  good  agree- 


aent  of  the  results  in  the  first  sidelobe  region  indicate  that  the  nuaber  of 


plane  waves  used  to  deccribe  the  ncar-fleld  region  of  Interest  can  be  slg 


niflcantly  reduced  and  still  provide  an  accurate  description  of  the  field 


in  that  region.  Figure  90  presents  the  results  of  integration  over  a .125  k 


wavenumber  bandwidth 


Area  nf  I*WS  used  for  Integration 


spectrum  at  a near  field  distance  of  ?.22  wavelengths 


•nd  the  near  field  distance  is  6.44  wavelengths 
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